In this work, experimental results on the morphology and adhesive characteristics of flame-sprayed Ni20 mass%Cr coating layers deposited on preheated SCM415 surfaces are presented. The flame spray distance was varied from 100 to 200 mm so as to investigate the change in the adhesive strength of the deposited layers. Commercially available Ni20 mass%Cr particles with a mean diameter of 45 µm were employed in the experiments, and computational fluid dynamics (CFD) simulations using a commercial code (FLUENT) were conducted so as to estimate the temperature and velocity distributions of continuous and discrete phases before impact on the substrate. From FE-SEM images of the deposited layers, it was observed that, as the flame spray distance decreased, the metal particle morphology exhibited a splash-like pattern and a short, stretched shape. Such morphological characteristics were induced by the higher particle momentum associated with very high gas velocities. In addition, as the flame spray distance decreased, the adhesive strength between the deposited layer and the substrate increased due to the stronger momentum of the molten metal particles.
Introduction
In recent years, thermal spraying has been widely used as a generic surface coating technique in a variety of steel production industries, including mechanics, aeronautics, chemical and oil, electronic, automotive and mining. 15) This technique provides thick coating layers over a large surface at a high deposition rate and improves substrate surface properties such as appearance, adhesion, wettability, wear resistance and thermal resistance. 6) While many factors affecting the coating quality and corresponding reliability have been reported in the literature, 611) detailed technologies and fundamentals associated with the control of important factors are not yet sufficiently understood. In the thermal spray coating process, adhesive and cohesive qualities between molten droplets and the target substrates can be controlled by three representative factors: thermal properties, impact dynamics associated with the melted particles and operating conditions, and surface characteristics. To ensure that an appropriate bond is established between deposited layers and the substrate, we need a better understanding of the detailed physics behind the melting, deposition, and solidification processes, as well as knowledge of the morphology characteristics of the thermal-sprayed particles. Such metal particle characteristics could be affected by the operating conditions for the thermal spray, including the flame temperature, flame velocity and flame spray distance.
Composite particles consisting of a solid phase and a metallic binder play an important role in the development of thermally sprayed coatings with increased wear and corrosion resistance. 12) Many thermal spray processes, including conventional flame spraying, high velocity oxy-fuel (HVOF) spraying, plasma spraying, and cold spraying, have been used to deposit Ni or Ni alloy particles (e.g., Ni20 mass%Cr, NiCrAlY and NiCoCrAlY). Such coatings have been employed as a robust surface treatment for the repair of damaged parts and as bond coats.
11,1315) Therefore, the mechanical, tribological and thermal properties of thermal spray coatings have been explored in previous studies. 11, 13, 14) In particular, the Ni20 mass%Cr particles investigated in the present study have mostly been used as a bond coat for ceramic coatings in order to enhance corrosion resistance. El-Hadj et al. 16) conducted a numerical analysis to elucidate the influence of the gas temperature on the flattening of impinging molten droplets during the thermal spray process. The researchers reported that the gas temperature played an important role in inducing a splattered morphology and affecting adhesion on the substrates. Bandyopadhyay and Nylen 17) compared the gas velocity and temperature fields predicted by intermediate chemical substances with the numerical results obtained using only the global chemical reaction. The authors found that there was little difference between the findings, indicating that the global chemical reaction model was acceptable for simulating the thermal spraying process. Voyer et al. 18) investigated electrically conductive flame-sprayed Al coatings on diverse textile surfaces and showed the effect of different process parameters and fabric materials on the electrical conductivity and microstructure of metal-fabric composites. Yang et al. 19) studied the flattening characteristics of copper particle coatings on preheated substrates. Specifically, the researchers examined wettability changes for different solid temperatures by measuring equilibrium static contact angles and investigated the effect of the elapsed exposure time during preheating. Through an examination of the aforementioned results, 19) we recognized two important issues: the effect of the process duration after the preheating procedure and the effect of the preheating temperature on the adhesion and wetting characteristics. Recently, Shin et al. 6) studied the flattening characteristics between a deposited layer and the substrate using a 2D axisymmetric simulation for predicting the gas temperature and velocity as well as the temperature variation and behavior of Ni20 mass%Cr particles in the flame spray process. The researchers also conducted numerous experiments with well-controlled preheating temperatures and different particle sizes of 20 and 45 µm. The authors concluded that the interfacial layer between the deposited material and the substrate became flatter with an increase in the preheating temperature due to the higher momentum of larger particles. Lima and Guilemany 20) studied the effect of the operating conditions on the thermal barrier coating (TBC) process with various particles and substrates by measuring the microstructure, hardness, roughness, and adhesion strength. The authors suggested that a proper coating condition should be applied because the morphological characteristics of the deposited layer may be changed by various factors, including thermal expansion, the powder grain size, and the number of spraying passes. Huang and Fukanuma 21) conducted computational fluid dynamics (CFD) simulations and compared the particle velocity predictions with measured values in order to evaluate the calculation reliability for the DVP-2000 system. Moreover, the researchers suggested that a high particle velocity contributes to a mechanical interlock effect, resulting in excellent bonding between the coating and substrate in the cold spray process.
While extensive research has been conducted on the thermal spray process, 16, 18, 19, 2224) the colliding behavior of thermal-sprayed particles on preheated substrates is not yet fully understood. In addition, few studies have been devoted to an investigation of adhesion characteristics. Thus, more effort should be devoted to obtaining useful experimental and numerical data in order to achieve better reliability, controllability, and coating quality. In this article, we report on the elemental distributions of flame-sprayed Ni20 mass%Cr alloy particles on commercially available SCM415 substrates, and discuss the effect of the flame spray distance on the adhesion characteristics of the deposited layers. In addition, we examine the thermal and dynamic behavior of continuous and discrete phases using CFD simulations while considering the global chemical reaction model for combustion.
Numerical Details
In our CFD simulations, a model of a Metco 5P-II powder spray gun (Sulzer Metco Inc.) was adopted and commercially available Ni20 mass%Cr particles (43F-NS provided by Sulzer Metco Inc.) with a mean diameter of 45 µm were employed. As shown in Fig. 1 , an axisymmetric computational grid system was generated by ICEM-CFD 12.1, while commercial CFD code (Fluent v.6.3.26) was used to calculate the conservation equations for mass, momentum, energy, and species. A computational time of about one hour was established using a computer with a 1.6 GHz processor, 4 GB of RAM (Intel μ Core· i7 CPU Q720) and 8 nodes. The fuel was acetylene (C 2 H 2 ) and the fuel-oxygen ratio was 3 : 1. The gas inlet pressure was 13 psi, which can be converted to a gas velocity of 289 m·s ¹1 with an initial gas temperature of 278.15 K. The cooling air inlet velocity was 300 m·s ¹1 with a constant temperature of 278.15 K, and the sample temperature was initially set to be 523.15 K. Using the volume-weighted mixing law for individual heat capacities, the heat capacity of the mixture can be determined. 25 
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In eq. (1), the first term on the right-hand side represents the drag force per unit particle mass, where u is the fluid phase velocity, u P is the particle velocity, µ is the fluid density, and µ P is the density of the particle. Here, ® is the fluid viscosity and d P is the particle diameter. In eq. (2), Re is the relative Reynolds number defined as eq. (3).
Experimental Details
The conventional flame spray process was employed in this study because of its advantages in terms of cost and versatility. The method also seems to be suitable for mass production. In order to study existing conventional flame spray gun equipment, we used a Metco 5P-II and nickelbased Ni20 mass%Cr particles (43F-NS, Sulzer Metco Inc.) with a mean diameter of 45 µm. As shown in Fig. 2 , the fuel (acetylene) and oxygen content were controlled by a flowmeter. In order to investigate the effect of the flame spray distance on the adhesive characteristics, three spraying distances of 100, 150 and 200 mm with respect to the nozzle were employed. To obtain a preheated target, a flame spray gun was operated without injecting particles before the main coating process was initiated. According to previous research, 2729) most of the adsorbed gas/condensation and oxidation layers can be removed by preheating the substrate. By monitoring the surface temperature during the preheating process, we could achieve a desired surface temperature of 523.15 K, which was measured by K-type thermocouples within an uncertainty of «0.75%. In the main coating process, the sample moving speed is one of most important factors in depositing layers with a uniform thickness. Using a sample moving speed of 500 mm·s ¹1 (as determined in an empirical manner), we obtained an appropriate coating thickness. After the thermal spray process, all samples were subject to a cooling process under well-controlled atmospheric conditions. The conditions used in the present experiments are summarized in Table 1 . Adhesion tests were conducted according to ASTM 633 specifications, 30) whereby SCM415 samples with dimensions of 25 mm © 25 mm © 25 mm and a mean roughness (R a ) of 6.26 « 1.04 µm were fabricated. Two substrates were bonded using an AV 138 adhesive (CIBA-GEIGY Co.) after the thermal spraying. 30) The samples were then cured in a high temperature chamber (60°C) for 60 min. Finally, we conducted tension tests using a 210 Material Test System (MTS Co.) based on ASTM 633. 30) 
Results and Discussion
In general, gas flow is an important factor in the bonding mechanism between a deposited layer and the substrate because the impact velocity and temperature of a particle change according to the gas velocity and temperature. Shin et al. 6) analyzed the gas temperature and the corresponding metal particle temperature in the flame spray process using 2D CFD simulations. The related temperature change was predicted according to the distance between the spray nozzle and the target sample. In fact, the metal particle velocity and temperature are important factors that contribute to the adhesive strength of the interface between a sample and a deposited layer. However, there are some limitations regarding direct in-situ measurements of the particle velocity and temperature in the thermal spray process because these parameters are too fast and large, respectively, to identify. Therefore, in this study, a CFD simulation was used to predict the gas and metal particle temperature and velocity. The spraying distance effect was then analyzed. The estimated temperature distributions of the combustion gas and radial gas temperature during the flame spaying procedure are shown in Fig. 3 . In Fig. 3(a) , we see that the target surfaces are sufficiently covered by the hot gas, indicating that acceptable spatial uniformity can be obtained in the thermal spraying process. Near the target sample, the gas temperature is approximately 1500 K, and the temperature distribution decreases as the flow strays far from the nozzle because the combustion products and the unreacted fuel can absorb heat generated during combustion. Shown in Fig. 3(b) is the radial gas temperature for three different spray distances of 100, 150 and 200 mm. Gas temperatures in the vicinity of the target sample for spraying distances of 100, 150 and 200 mm are 1800, 1400 and 1200 K, respectively. Namely, the gas temperature near the target sample is reduced as the spraying distance between the nozzle and substrate increases because combustion products and unreacted fuel can absorb heat generated during combustion. 6) In addition, the gas temperature decreases in the radial direction due to the radiation thermal transport of free jet flows. This means that the flow and thermal characteristics associated with the Effect of Flame Spray Distance on the Adhesive Characteristics of Ni20 mass%Cr Layers on SCM415 Substratesflame spray process should be carefully considered to ensure uniformity of the surface temperature.
6)
The estimated temperature distribution of the particles with respect to the spraying distance is shown in Fig. 4 . The particle temperature near the nozzle was predicted to be higher than 2000 K, and changes in the particle temperature during flight were nearly constant regardless of the sample location, indicating that the sample location does not affect the particle temperature. However, when a particle impinges on the substrate, the particle temperature decreases with an increase in the flame spray distance. Considering the melting temperature of nickel particles is greater than 1726.15 K, completely molten particles are impinging on the target surface at a flame spray distance of 100 mm, whereas partially molten particles may undergo solidification after impact at longer spray distances (150 and 200 mm).
The metal particle velocity from the nozzle to the sample in the flame spray process is shown in Fig. 5 . Shin et al. 6) reported that when the spraying distance was 150 mm, the gas and particle velocities near the sample were over 200 m·s ¹1 near the nozzle, while the temperature rapidly decreased near the sample due to a wall proximity effect. In the present study, similar results were obtained near the nozzle, but the particle velocities just before impact were predicted as 120 140, 80100 and 4060 m·s ¹1 for spraying distances of 100, 150 and 200 mm, respectively. Huang and Fukanuma 21) showed that when the particle velocity was over 700 m·s ¹1 , the adhesive strength significantly increased. In contrast, the authors found that a low adhesive strength was obtained in the cold spray process if the velocity of the particles was low. In addition, the authors reported that the adhesive strength became higher than the cohesive tensile strength because a very high particle velocity could rupture the coated layer. On the other hand, Li and Wang 31) confirmed that even if the adhesive strength increased with the increase in particle size, larger particles might make fracture problems on the solid surfaces. Therefore, before reaching the sample, metal particles with a high velocity generated from a short spraying distance have a large momentum, which could affect the adhesive strength.
Cross-sectional FE-SEM images obtained with a secondary electron (SE) detector are shown in Fig. 6 . For the shortest spraying distance of 100 mm, short spreading patterns and very small fragments were observed on the deposited layer. Considering the CFD results mentioned above, such morphological characteristics were induced because the metal particles melted at a high velocity of over 160 m·s ¹1 . However, for the 200 mm spray distance, metal fragments were hardly observed when compared to the 100 mm case and longer spreading patterns were detected. Shakeri and Chandra 32) analyzed particle spreading patterns with respect to the impact velocity of metal particles through molten droplet experiments. In addition, Tabbara and Gu 33) conducted a numerical study and reported that a splashing phenomenon frequently occurred when molten metallic particles impinged on a sample with a high velocity instead of a low velocity.
The adhesive strength between a deposited layer and the substrate was examined with respect to the spraying distance following ASTM 633, 30) the results are shown in Fig. 7 . According to our findings, the thickness of the deposited layer should be greater than 380 µm. The experiment was repeated seven times for each spraying distance. As shown in Fig. 7 , the adhesive strength increased as the sample was moved closer to the nozzle. As mentioned above, such an increase in the adhesive strength arises because, at smaller spraying distances, the particle velocity is higher and thus, the particles have a large impact momentum. It is believed that the large momentum of the particles allow them to penetrate the substrate quite well and, in the case of metal particles deposited at a spraying distance of 100 mm, the particles impinged on the substrate in a melted state. In other words, metal particles that were close to being a molten droplet impacted the substrate and subsequently solidified, leading to an increase in the adhesive strength.
Conclusions
The adhesive characteristics between deposited Ni 20 mass%Cr layers and SCM415 steel substrates were experimentally investigated with respect to the spraying distance. In addition, a numerical simulation was conducted to estimate the particle velocity and temperature distributions. FE-SEM images were used to examine the morphology of the deposited layers.
The results of numerical CFD simulations showed that the target substrate surfaces are sufficiently covered by hot gas and the corresponding spatial uniformity is acceptably maintained in the thermal spraying process. The particle temperature was affected by the flame temperature; it increased so as to be greater than the melting temperature and then decreased in the flame spray process. Thus, it was confirmed that, in the case of a short spraying distance of 100 mm, particles impacted the sample in a melted state, while particles impinged on the sample after solidification in the case of a long spraying distance. The velocity of the particles rapidly increased near the nozzle and, due to the wall proximity effect, decreased quickly near the target sample. Moreover, the particles impacted the sample with a faster velocity when the spraying distance was short.
The morphology of the deposited layers was examined through FE-SEM images in order to confirm the effect of the spraying distance. Splashing traces were often observed when the spraying distance was shorter due to the high particle velocity, while a spreading phenomenon was usually seen in the case of a longer spraying distance.
As expected, a higher adhesive strength was obtained at a shorter spraying distance because the metal particles had high penetration ability due to their high velocity. In this case, the particles impacted the substrate in a melted state and then solidified. As a result, it is very important that a proper spraying distance is established to obtain a layer with desired characteristics in the flame spraying process.
